This paper deals with intensive electro sintering (IES) of diamond composite materials (DCM) with multicomponent Ni-Sn based binder. The effect of the powder mixture composition, activating dopants and IES technical parameters on the formation of the microstructure and physical, and mechanical properties of DCM is studied. It has been established that the leading densification mechanisms of IES involve thermally activated plastic deformation of nickel powder particles, tin melting, and infiltration and chemical interaction of components. The presence of a liquid phase during the electro sintering increases conductivity of powder compact and intensity of heating which, in turn, significantly increases shrinkage rate and promotes uniform distribution of components and formation of intermetallic compounds. The macro-kinetic model of intermetallic compounds formation in the NiSn system in non-isothermal conditions and the model of DCM with structured matrix and imperfect interface have been developed. The thermal and mechanical properties of electro sintered DCM have been evaluated. The initial mixture composition and the IES technological parameters promising in terms of DCM quality have been found. The proposed method of manufacturing the drilling bits by IES constitutes a potential basis for the industrial production technology of diamond tools.
Introduction
The conventional powder metallurgy methods of diamond composite materials (DCM) production for tool applications are vacuum sintering, hot pressing and infiltration. The inherent feature of these and related technologies is quite a long exposure at high (>1000°C) temperature. So high thermal loading provokes diamond cracking and/or graphitization already at the stage of DCM production, which results in reducing their physical, mechanical and performance properties. Improvement of DCM quality can be achieved by significant lowering the temperature and reducing the sintering time as well as by formation of the reliable chemical or adhesive bond between the diamonds and matrix.
The above requirements are met by the intensive electro sintering (IES) technology [1] which consists in passing the electric current through the highly loaded (up to 500 MPa) powder compact. IES is regarded as a promising alternate DCM production technology because its pT-parameters allow to avoid degradation of diamond and thus improve the quality of the diamond tools. In addition, the small localized heating zone and transience of the process reduce energy consumption by an order in comparison with the conventional technologies. Currently, practical use of IES is limited to DCM with one-component binders, whose tensile strength and fracture toughness is insufficient for drilling tool applications. A highly promising -but still practically unexplored -area is intensive electro sintering of DCM with multicomponent binder including the activating and alloying additives. However, practical implementation of the advantages of this technology requires development of new, optimized for IES technology DCM binders, study of consolidation patterns and structure formation and their effect on the DCM physical, mechanical and performance properties.
Experimental study
It has been shown recently [2] that the Ni-Sn based alloys have a great potential as the IES-oriented DCM binder. The main component of this binder (> 50%) is nickel which, in contrast to iron and cobalt, retains considerable plasticity in the doping and is resistant to oxidation that enables sintering without a protective atmosphere. In addition, nickel at 700°C and above interacts actively with diamond by creating a reliable adhesive contact. The main activating element is tin (up to 15%), which provides electro sintering in the presence of liquid phase and gives, as a result of chemical reaction with the other components, intermetallic compounds that increase hardness and wear resistance of binder. Its durability can be further increased by filling in a certain amount (15-20%) of powder of refractory compounds (WC, TiC, TiB2, etc.). Adding chromium known to be an effective carbide former is intended to improve diamond-tomatrix bonding. For manufacturing the samples, the nickel and tin powders and synthetic diamonds ACT200 400/315 were mixed in a rattler with hard metal balls in dry grinding mode for 8 hours. The powder mixture was compacted by two-sided cold pressing by pressure of 300 MPa resulting in porosity of compacts around 40%. The intensive electro sintering of samples was carried out by passing the current density of 25 A/mm2 with applying pressure of 150 MPa.
The time-dependent parameters of IES, for example current density ( fig. 1 ) and shrinkage ( fig. 2 ) of DCM binder demonstrate that sintering in the presence of a limited amount of liquid phase (curve 2) differs significantly from solid state sintering (curve 1). The presence of tin in the mixture provides the appearance of a liquid phase already in the early stage of sintering, resulting in a significant increase in the conductivity of the sample. In turn, this leads to more intensive heating and significant intensification of shrinkage and chemical reactions with formation of the intermetallic compounds. Noteworthy, shrinkage of porous compact begins with some delay (3 s for nickel, and 6 seconds for mixture, fig.  2 ). This is because the axial pressure of cold pressing (300 MPa) is higher than the pressure during sintering Therefore, plastic flow being the main densification mechanism is activated only when the macroscopic yield strength of porous solid was reduced sufficiently under the action of temperature. Among the possible causes of greater time delay in a case of a powder mixture is that tin facilitates consolidation during the cold pressing resulting in the lower porosity and hence higher yield strength of compact. It is also likely that the transition of one of the components in the liquid phase absorbs a certain amount of heat, thus slowing down the heating process and delaying the start of shrinkage. This, the experimental study proves IES as a highly efficient method of manufacturing the DCM with Ni-Sn binder providing full consolidation of powder compacts for tens of seconds at the sintering temperature below 850°C thus maintaining the original quality of diamonds. The leading densification mechanisms of IES are thermally activated plastic deformation of the nickel powder, tin melting/infiltration and chemical reactions between the components. Presence of a limited amount of liquid phase during the electro sintering significantly increases electrical conductivity of compact and thus intensity of heating and shrinkage rate and also facilitates uniform distribution of components and formation of intermetallic compounds.
Macro-kinetic model
The fundamentally important parameter is the time of sintering. For reasons of preserving high quality of diamonds it should be the lowest possible but, at the same time, sufficient for the heterogeneous microstructure formation as a result of chemical reactions. According to the Ni-Sn binary phase diagram (e.g., [3, 4] ), formation of Ni3Sn4, Ni3Sn2 and Ni3Sn intermetallics during sintering is expected. The experimental data (e.g., [5, 6] ) and theoretical models [7, 8] of the Ni-Sn intermetallics formation are available only for the case of isothermal conditions and solid samples. The only paper [9] is available where mixture of nickel and tin powders was studied. It has been found there that heating the mixture to 300°C followed by exposure leads to the formation of all three intermetallic compounds, but no quantitative data were reported.
To describe/predict the process of intermetallics formation in the rapidly heated Ni-Sn powder mixture, the macro-kinetic model has been formulated under the assumption that the rate of each reaction depends on the temperature and concentration by Arrhenius law and the law of mass action, respectively. To account for the diffusive nature of all stages and "braking" the reaction rate by increasing product layer the appropriate braking parameters were introduced. In particular, for Ni + 12% Sn the model predicts completing the reactions in 30 seconds at 900°C while at 800°C it takes above 5 minutes. The model has been experimentally verified and then applied to determine the optimum temperature and the time of sintering.
Among many possible chemical reactions in the Ni-Sn system [3, 4] , we consider three most obvious and experimentally confirmed ones:
We introduce notations for mass concentrations of reactants and products:
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where n is a number of substances involved in the reactions (in our case, 5). Each reaction is carried out based on the law of conservation of mass: 
where (see, e.g., [10] ): As an example, we conduct calculations for the powder mixture Ni+12% Sn heated by some known law T(t). At the beginning, composition of the powder mixture is given by the conditions: 
To find the mass content of components variation over the time one needs to integrate the ordinary differential equations (8) with the initial conditions (9) . The input material parameters reported below were taken from [3, 5, 7, 12] ; pi = 10, si = 0 [10] . 
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The system of equations (9) was solved by the Runge-Kutta method with variable in time temperature:
where Т0 is the initial temperature and tmax is the heating time to maximum temperature Тmax. Figure 3 shows the simulation results for the chemical reactions in Ni-Sn system heated from 20 to 800°C ( fig. 3(a) ) and 900°C ( fig. 3(b) ) during 10 seconds with subsequent exposure. The model predicts a rapid decrease (almost zero) tin content at the stage of heating (tmax < 10 seconds) to form intermetallic Ni3Sn4. However, at t = tmax we already have some amount of Ni3Sn2, then these two intermetallics react with nickel to form Ni3Sn. For Тmax = 800°C estimated duration of chemical reaction is 5 minutes whereas for Тmax = 900°C the model predicts completion of chemical reactions after 30 seconds of exposure. For the experimental verification of the developed model, the microstructure and phase composition of two-component DCM binder Ni+12% Sn produced by intensive electro sintering with a temperature profile close to (10) with Тmax = 900°C has been analyzed. Figure 4(a) shows microstructure of the partially sintered binder: dark color is nickel, bright color is tin, gray color is intermetallic layer Ni3Sn4, black color shows the pores. According to X-ray analysis, binder also contains about 4 wt% of Ni3Sn. Sintering was intentionally interrupted after 12 seconds to capture evolution of the structure, including the thickness of the reaction layer (noteworthy, it is almost constant). The structure of the same binder sintered for 30 seconds is homogeneous and almost pore-free ( fig.  4(b) ). The X-ray microanalysis confirms that the reinforcing phase consists al- 
DCM characterization
4.1. Thermal conductivity. For the tool-oriented DCM, reliable adhesive/chemical diamond-to-matrix bonding is particularly important because it determines the retention strength of diamonds and, hence, overall tool performance. Weak bonding worsens temperature regime of diamond grains and leads to their untimely dropping out of the working surface of a tool. There exists a strong correlation between the quality of thermal and mechanical contact because both are determined by the same physical and chemical processes at the interface. This fact is crucial for using the thermal conductivity as a DCM quality criterion.
It has been found that thermal conductivity of Ni-Sn binder significantly decreases with increasing volume fraction of intermetallic phase ( fig. 5) . DCM conductivity increases with increasing volume fraction of diamonds ( fig. 6 ). Adding the adhesion-active components to the binder provides a significant improvement in the thermal and mechanical properties of DCM. Deposition of chromium on the surface of diamond increases effective thermal conductivity of diamond composite with Ni + 6%Sn binder by 15 -25%, that is a probable consequence of interface chemical reactions. The obtained data were interpreted with aid of the micromechanical model of composite with imperfect interface [14] predicting the effective thermal conductivity of composite as well as evaluating the interface contact conductivity by solving the inverse problem. It has been found that adding Cr increases the contact thermal conductivity of diamond-binder interface tenfold, from 2.1·10 6 to 2.3·10 7 W/(m 2 ·K) [14] being typical value for chemical bonding case [15] . 4.2. Deformation curve and hardness. The presence of tin significantly (up to 2.5 times for the 16% Sn mass fraction) increases yield limit of binder. This is due to formation of the heterogeneous microstructure where the intermetallics play a role of hard reinforcing phase. In contrast to the binders obtained by conventional powder metallurgy methods or solid-phase IES, the studied samples do not exhaust the resource of plasticity even under strain in tens of percents. The curves in figures 5-7 show a significant hardening of the material, and therefore no significant residual stresses after IES the presence of a limited amount of liquid phase. Macro hardness and yield strength of Ni-Sn alloy increase with increasing fraction of intermetallics, see figure 8. Comparing the simulation results with experimental data on macro hardness (HV60), micro hardness (HV20g and HV200g) and nanohardness under load 5 mN (figs. 9-11) proves the substantial load-dependence of hardness. In particular, for Ni3Sn this technique predicts micro hardness HV200g = 2.4 GPa, HV20g in the range of 3.7 to 3.9 GPa and nanohardness from 8.4 to 9.2 GPa for 5 mN load.
Fracture.
In completion, we show some results of SEM study of DCM microstructure. In figure 12 , the fracture surface of electro sintered DCM (400/315 AST160 diamonds, binder Ni+10%Sn) is shown.
The fact that macro crack passed through the diamond crystals indicates that the strength of the diamond-to-matrix bond exceeds the tensile strength of diamond in the plane (111). On the other diamonds, the rests of binder are observed, especially on the faces (100). This is consistent with the available litera-ture data [17] on the contact interaction of nickel with diamond at 700°C and above with formation of the adhesive bond with strength of 300 MPa. The fracture behavior of binder is viscous in nickel and brittle in the intermetallic inclusions, see figure 13 . 
Concluding remarks
The advantages of using IES for DCM production are as follows. First, in contrast to conventional powder metallurgy technologies, consolidation of powder compacts takes units or tens of seconds at the sintering temperature of 850°C which excludes degradation of diamonds. Second, IES does not require renewable or protective atmosphere that simplifies greatly the manufacturing process. Third, the limited heating area and transience of process reduces energy consumption by an order as compared to traditional technologies. The presence of a limited amount of the liquid phase during the sintering results in significant improvement in physical and mechanical properties due to formation of specific heterogeneous microstructure with the intermetallic compounds acting as a hard reinforcing phase and significantly (by 2.5 times) increasing the hardness and yield limit of binder. What is important, the macro plasticity of DCM is retained: compressive deformation of 40% does not result in cracking or fracture patterns. The established correlations between the initial mixture composition and physico-mechanical properties of the material ensure producing by IES the pore-free structure of DCM and purposeful formation of its properties for the specific tool application. The above mentioned results constitute a scientific basis of the fast and energy-efficient industrial technology of the diamond tools manufacturing.
